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Transplantation of rat embryonic stem
cell-derived retinal progenitor cells
preserves the retinal structure and function
in rat retinal degeneration
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Abstract

Introduction: Degenerative retinal diseases like age-related macular degeneration (AMD) are the leading cause of
blindness. Cell transplantation showed promising therapeutic effect for such diseases, and embryonic stem cell
(ESC) is one of the sources of such donor cells. Here, we aimed to generate retinal progenitor cells (RPCs) from rat
ESCs (rESCs) and to test their therapeutic effects in rat model.

Methods: The rESCs (DA8-16) were cultured in N2B27 medium with 2i, and differentiated to two types of RPCs
following the SFEBq method with modifications. For rESC-RPC1, the cells were switched to adherent culture at D10,
while for rESC-RPC2, the suspension culture was maintained to D14. Both RPCs were harvested at D16. Primary RPCs
were obtained from P1 SD rats, and some of them were labeled with EGFP by infection with lentivirus. To generate
Rax::EGFP knock-in rESC lines, TALENs were engineered to facilitate homologous recombination in rESCs, which
were cotransfected with the targeting vector and TALEN vectors. The differentiated cells were analyzed with live
image, immunofluorescence staining, flow cytometric analysis, gene expression microarray, etc. RCS rats were used
to mimic the degeneration of retina and test the therapeutic effects of subretinally transplanted donor cells. The
structure and function of retina were examined.

Results: We established two protocols through which two types of rESC-derived RPCs were obtained and both
contained committed retina lineage cells and some neural progenitor cells (NPCs). These rESC-derived RPCs
survived in the host retinas of RCS rats and protected the retinal structure and function in early stage following
the transplantation. However, the glia enriched rESC-RPC1 obtained through early and longer adherent culture
only increased the b-wave amplitude at 4 weeks, while the longer suspension culture gave rise to evidently
neuronal differentiation in rESC-RPC2 which significantly improved the visual function of RCS rats.
(Continued on next page)
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Conclusions: We have successfully differentiated rESCs to glia enriched RPCs and retinal neuron enriched RPCs
in vitro. The retinal neuron enriched rESC-RPC2 protected the structure and function of retina in rats with genetic
retinal degeneration and could be a candidate cell source for treating some degenerative retinal diseases in human
trials.

Keywords: Rat embryonic stem cell, Degenerative retinal diseases, Retinal progenitor cell (RPC), Transplantation,
Royal College of Surgeons (RCS) rat

Introduction
Degenerative retinal diseases, such as age-related macular
degeneration (AMD) and retinitis pigmentosa (RP), are
the leading causes of blindness in the developed world,
and their common pathology includes the death of photo-
receptors, which results in permanent loss of vision [1–3].
Although recent anti-vascular endothelial growth factor
(VEGF) treatments showed an intervention effect in wet
AMD [4, 5], there is basically no effective treatment to re-
store visual function for most of the patients with such
diseases [6]. Now, cell-based therapy is considered to be a
potential therapeutic approach [7–10]. Several types of de-
sired donor cells, such as retinal pigment epithelium
(RPE) cells, photoreceptors and retinal progenitor cells
(RPCs), differentiated from different types of stem cells
have been studied [11–13]. Transplantation of RPCs col-
lected from newborn mouse retinas could effectively inte-
grate into recipient retinas and restore photosensitivity in
the mouse model of retinal degeneration [14, 15]. How-
ever, in clinic, the availability of primary RPCs (P-RPCs)
from newborn individuals is almost impossible and its ap-
plication would be restricted. Instead, differentiation of
pluripotent or multipotent stem cells into RPCs or other
retinal cells becomes a reasonable replacement of primary
cells.
Embryonic stem cells (ESCs) are regarded as an attract-

ive source of donor cells due to their pluripotency and un-
limited expansion capacity in vitro, and have been widely
researched for retinal lineage differentiation in mice and
humans [16–21]. Transplantation of these ESC-derived
cells in animal models with degenerative retinal disease
has been proven a realistic approach to rescue visual func-
tion [7, 15, 22, 23]. In particular, human ESC-derived RPE
cells were recently tested to treat patients suffering from
degenerative retinal diseases and the visual acuities were
improved in 10 out of 18 transplanted patients [7]. The
trial for RPE cells derived from patient somatic cells with
induced pluripotent stem (iPS) cell technology was also
started in 2014 [24]. While these pluripotent stem cell-
derived RPE cells bring hope to such patients, they also
face some challenges. Transplantation of primary adult
RPE cell sheets did not improve the vision in patients [25],
challenging the therapeutic application of stem cell de-
rived RPE cells. Furthermore, degenerative retinal diseases

share the common pathology that is the death of photore-
ceptors. These photoreceptors are terminally differenti-
ated and unrenewable neurons which are the key unit for
vision [26]. Logically, RPE cell transplantation might not
be sufficient to rescue vision in the cases in which most
photoreceptors died [7, 27, 28], as occurs in late stage
AMD. Therefore, replacement therapy with pluripotent
stem cell (such as ESC)-derived retinal neural lineage cells
including RPCs is regarded as a promising strategy for
treating such diseases. But the ESC derivatives developed
tumors despite predifferentiating or presorting the cells
[15, 29, 30]. Only photoreceptor precursors repaired ret-
inal defects efficiently without tumor formation [15, 31],
indicating that the developmental stage of donor cells
determined the cell fate following transplantation. In short,
many important questions regarding stem cell therapy,
such as how to improve its efficacy and assure its safety,
deserve further investigation.
It is well known that the rat is a valuable experimental

tool for modeling human diseases due to its relevance to
humans [32, 33]. Moreover, as compared with the mouse
eye, the larger eyeballs of rats were more convenient to
use; for example, it makes our in vivo retinal observation
easier and clearer, it makes the subretinal cell delivery
more accurate, and we can inject more donor cells into
the larger subretinal space to assure effective transplant-
ation. Even though the murine and human ESC lines
were established in 1981 and 1998 [34, 35], rat ESCs
(rESCs) were not established until 2008 [36, 37], when
the successful derivation of authentic rESC lines using a
combination of serum-free culture and specific signal in-
hibitors was reported [32, 36, 37]. Until now, however,
only a few other rESCs related studies have been re-
ported [38–42]. The reports on differentiations of rESCs
are even fewer and in those studies rESCs were differen-
tiated into functional cardiomyocytes, tripotent neural
progenitor cells and granulosa-like cells [38, 40, 42]. Al-
though mouse ESCs can be used for study, it was reported
that epiblasts of rat and mouse are distinct in intrinsic
differentiation capacity [43]. It remains unclear whether
rESCs could be efficiently differentiated into retinal cell
lineages. Particularly, to date, no study on transplantation
of rESC-derived cells in a disease animal model has been
reported.
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Rats have been used as models for many human diseases,
such as neural disorders, diabetes, hypertension and heart
failure, for scientific studies and drug discovery [44–47]. In
this study, we investigated whether transplantation of
rESC-derived RPCs (rESC-RPCs) could preserve visional
function as well as retinal structure in the Royal College of
Surgeons (RCS) rat, a well-established retinal degeneration
model [48–50]. The RCS rat carries a Mertk gene mutation
in the RPE cells [51] that fail to phagocytose and shed the
outer segment of photoreceptors, causing the accumula-
tion of outer segment debris and, subsequently, degener-
ation and loss of photoreceptors. As the model displays
defects comparable to those of patients suffering from
degenerative retinal diseases, it has served as a preclinical
model for RP and AMD [52–54].
In this study, we differentiated rESCs into RPCs and

transplanted these rESC-RPCs into the eye of RCS rats.
The transplanted rESC-RPCs could survive in the host
retina and protect the retinal structure. Moreover, the
grafted cells integrate into the retina of rats and preserve
the retinal function in the early stage after transplant-
ation. Therefore, the study develops an approach for
rESCs to differentiate into RPCs in vitro and provides
the first example for the transplantation of rESC-RPCs
in a disease model with positive intervention effects.

Methods
Rat embryonic stem cell culture and retinal progenitor cell
differentiation
The rESC line DA8-16, a generous gift from Lei Xiao
and Chun Cui (Zhejiang University School of Medi-
cine), was cultured in N2B27 medium supplemented
with 2i (MEK inhibitor: PD0325901, 0.4 μM, Stemgent,
Cambridge, MA, USA; GSK3 inhibitor: CHIR99021,
3 μM, Stemgent) on gamma radiation-inactivated mouse
embryonic fibroblast (MEF) feeder layers as described pre-
viously [38]. The medium was changed daily and rESCs
were passaged every four to six days by dissociation with
TrypLE Express (Gibco, Grand Island, NY, USA) into sin-
gle cells and transferred onto inactivated MEF.
For RPC differentiation, rESCs discarded feeder under-

went differentiation following the quickly-aggregated
serum-free embryonic body (SFEBq) method [17] with
modifications. In detail, rESCs were dissociated into single
cells in TrypLE Express containing DNase I (0.05 mg/ml,
Sigma-Aldrich, Saint Louis, MO, USA), and were quickly
reaggregated in neuroectoderm differentiation medium
(5,000 cells/100 μl/well) using an ultra-low-attachment
96-well plate with U-bottom wells (Corning, Corning, NY,
USA). The neuroectoderm differentiation medium was
GMEM (Gibco) supplemented with 20 % Knockout
Serum Replacement (KSR, Gibco), 0.1 mM nonessential
amino acids (Gibco), 1 mM sodium pyruvate (Gibco),
0.1 mM 2-mercaptoethanol (Gibco), 3 μM wnt inhibitor

IWR-1e (Merck, Darmstadt, Germany), 100 U/ml penicil-
lin and 100 mg/ml streptomycin (Gibco). In the second
day of cell aggregate formation, Matrigel (growth-fac-
tor-reduced; BD Biosciences, Bedford, MA, USA) was
added to the medium (final 1 % v/v) and the day was
defined as day 0 (D0). At D5, SFEBs were transferred
from a 96-well plate to a low adherent Petri dish (BD
Biosciences or Qingdao Alpha, Qingdao, Shandong,
China) and the medium was changed to fresh neuroec-
toderm differentiation medium containing 1 % Matrigel
(96 SFEBs per 10-cm dish). At D8, Matrigel was with-
drawn from the culture and the medium was changed
to retinal differentiation medium containing GMEM
supplemented with 10 % KSR, 10 % FBS (Hyclone, Lo-
gan, UT, USA), 0.1 mM nonessential amino acids,
1 mM sodium pyruvate, 0.1 mM 2-mercaptoethanol,
100 U/ml penicillin and 100 mg/ml streptomycin. Two
days later (D10), the SFEBs were digested and replated
onto poly-D-lysine (PDL) (Millipore, Billerica, MA,
USA) and Matrigel (BD Biosciences)-coated plates for
further adherent culture (early adherent culture
method). Retinal differentiation medium, containing
DMEM/F12 (Gibco) medium with 1 % N2 supplement
(Gibco), 10 % FBS, 0.1 mM nonessential amino acids,
1 mM sodium pyruvate, 100 U/ml penicillin and 100 mg/
ml streptomycin, was used to continue the culture at D14,
and cells were harvest at D16 (termed as rESC-RPC1) for
analysis or transplantation. In the alternative differenti-
ation method (longer suspension culture method), the
suspension culture was maintained to D14 and the cells
then digested for adherent culture to D16 for analysis or
transplantation (termed as rESC-RPC2) (Fig. 1a).

Live imaging of neuroectodermal sphere formation
The live images of the cultured cells were obtained using
a Nikon BioStation IM-Q system with inverted micro-
scopes (multi-photon) and a build-in CO2 incubator.
About 30 rESC aggregates were suspended in 5 ml neu-
roectoderm differentiation medium with Matrigel (GFR)
in a 6-cm low attachment Petri dish in the incubator.
Photos of cell aggregates were obtained every 30 minutes
from D1 to D8. Movies were exported from the Biosta-
tion IM software program.

Immunofluorescence staining
Immunofluorescence staining, used to examine the post-
transplantation behaviors of the donor cells and measure
the thickness of the retinal outer nuclear layer (ONL), was
performed as described previously [15]. Antibodies against
the following proteins were used at the manufacturers’ rec-
ommended dilutions: Sox2 (Rabbit), Pax6 (Rabbit, Covance,
Emeryville, CA, USA), Pax6 (Mouse, DSHB, Iowa City, IA,
USA), Nestin (Mouse, BD Biosciences), BrdU (Rat, AbD
Serotec, Kidlington, Oxford, UK), PCNA (Mouse, Sigma),
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Fig. 1 (See legend on next page.)
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Rax (Rabbit, Abcam, Cambridge, UK), Otx2 (Rabbit, Che-
micon), Rhodopsin/Opsin (Mouse, Sigma-Aldrich), Reco-
verin (Rabbit, Millipore), GFAP (Rabbit, Abcam), Map2
(Mouse, Chemicon, Temecula, CA, USA), pH3 (Rabbit,
Millipore), Bassoon (Mouse, ENZO Life Sciences, Farming-
dale, NY, USA), Synaptophysin (Rabbit, Invitrogen, Cama-
rillo, CA, USA), EGFP (Rabbit, Invitrogen), EGFP (Mouse,
MBL, Naka-ku, Nagoya, Japan), GS (Rabbit, Sigma-
Aldrich), Cralbp (Mouse, Abcam), Tuj1 (Mouse, Promega,
Medison, WI, USA).
For secondary antibody staining, we used the corre-

sponding Cy3 and fluorescein isothiocyanate (FITC)
fluorescent-tagged antibodies (Jackson, West Grove, PA,
USA or Proteintech, Chicago, IL, US). Nuclear staining
was performed with 4′,6-diamidino-2-phenylindole
(DAPI, Molecular Probes, Eugene, OR, USA). Stained
sections were analyzed with a LSM710 confocal micro-
scope (Zeiss, Jena, Germany).
In addition to the whole retinal examination, we focused

more on the donor cells injection spots and the surround-
ing retina (see below for detail). The ONL thickness was
measured based on DAPI staining and calculated as
compared with the scale bar (μm).

5-Bromo-2′-deoxyuridine incorporation analysis
The cells were plated onto coverslips coated with PDL
(Millipore) and Matrigel (BD Biosciences). 5-bromo-2′-
deoxyuridine (BrdU, Sigma-Aldrich) was added at a final
concentration of 10 μM. Four hours later, cells were fixed
for further immunostaining assay.

RT-PCR and qPCR
Total RNA was extracted from cultured cells or dissoci-
ated retina tissue using TRIzol® (Invitrogen) followed by
chloroform extraction according to the manufacturer’s
protocol. For RT-PCR analysis, 2 μg total RNA was
reverse-transcribed using RevertAid™ M-MuLV RT kit
(Fermentas, Hanover, MD, USA) and random hexamer
primer according to the manufacturer’s instructions.
PCR was performed on 1/20 of the final cDNA volume
using the 2 × Taq PCR master mix (Promega). Reactions
were performed at 60 °C for 30 cycles.
Real-time RT-qPCR was performed with FastStart Uni-

versal SYBR Green Master (ROX) (Roche, Mannheim,

Germany) according to the manufacturer’s instructions.
Signals were detected on an ABI PRISM 7900 machine
(Applied Biosystems, Carlsbad, CA, USA). RT-qPCR was
performed for various genes and results were normalized
to GAPDH levels.
Sequences of primers used in this study are provided

in Additional file 1: Table S1.

Flow cytometric analysis
The cultured cells were dissociated by TrypLE (Gibco)
into a single cell suspension, and then fixed with 4 % para-
formaldehyde and permeabilized by ice-cold methanol.
Before staining, the sample cells were washed and resus-
pended at 5 ~ 10 × 106 cells/ml in PBS containing 1 %
BSA and 0.03 % NaN3 (wash buffer) and then stained by
the specific antibodies (PerCP-Cy™5.5 Mouse anti-Sox2,
BD Biosciences; Alexa Fluor® 647 Mouse anti-GFAP, BD
Biosciences; Alexa Fluor® 647 Mouse anti-Nestin, BD Bio-
sciences; Alexa Fluor® 488 Mouse anti-Ki-67, BD Biosci-
ences; PE anti-mouse CD133, Biolegend, San Diego, CA,
USA). After antibody conjugate was added, the cells were
incubated in the dark on ice for 30 min, and washed twice
with wash buffer. The cell samples were resuspended and
analyzed on a flow cytometer (Accuri C6, with the C6
software, BD Biosciences).

Generation of knock-in rESC lines
The gene-targeting strategy and vector construction for
Rax::EGFP is illustrated in Additional file 2: Figure S1. The
site-specific transcription activator-like effector nucleases
(TALENs) [55] were engineered to facilitate homolo-
gous recombination in rESCs. The TALENs (Forward
target loci: CCTAGACACCTTTCCT; Reverse target loci:
CCCGCTCCTTCGAGCC) designed to cause a double-
strand break in exon1 of rat Rax gene and the targeting
construct were constructed by ViewSolid Biotech Co. Ltd.
(Beijing, China). To generate the targeting construct for
homologous recombination in rESC, the 5′ arm (535 bp)
and 3′ arm (808 bp) were amplified by PCR from rESC
(DA8-16) genomic DNA. The cDNA of EGFP was fused
in-frame into the first exon of Rax gene at the initial ATG.
A PGK promoter-driven neomycin-resistance selection cas-
sette flanked by loxP sites was inserted downstream of
EGFP. The rESCs (DA8-16) were cotransfected with the

(See figure on previous page.)
Fig. 1 In vitro differentiation of rat ESCs into RPCs. a Schematic diagram illustrating the strategy for differentiating rESCs into RPCs in this study.
b Images of morphological changes of differentiating rESCs from day 1 to the formation of neuroectoderm-like structure at day 8. cWhole mount
immunofluorescence staining, using antibodies against Sox2 and Otx2 (red), and bright images of rESC-derived neuroectoderm-like structure at day 8. DAPI
(blue) was used to highlight the nuclei. Scale bar: 50 μm. d Whole mount immunofluorescence staining using antibody against Rax (red) and bright images
of Rax::EGFP rESC-derived neuroectoderm-like structure at day 8. DAPI (blue) was used to highlight the nuclei. Scale bar: 50 μm. e Immunofluorescence
images of cryosection of the neuroectoderm-like structure derived from Rax::EGFP rESCs at day 8. Antibody against EGFP (green) and antibodies against
Pax6, N-cadherin/Ncad, Nestin/Nes, E-cadherin/Ecad and Otx2 (red) were used. DAPI (blue) was used to highlight the nuclei. Scale bar: 50 μm. f A
representative result of RT-PCR analyses for marker expression during the differentiation process (rESC-RPC2). rESCs rat embryonic stem cells, RPCs retinal
progenitor cells, DAPI 4′,6-diamidino-2-phenylindole, EGFP enhanced green fluorescent protein, RT-PCR reverse transcription polymerase chain reaction
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targeting vector and both TALEN vectors using Fugene HD
(Roche). Transfected cells were plated onto Neo-resistant
feeder MEF cells. Homologous-recombinant rESCs (single
clone) selected with 500 μg/ml G418 (Gibco) were picked
and screened by PCR genotyping and further confirmed by
Sanger sequencing. The floxed PGK-neo cassette was re-
moved by transient transfection with the Cre-expressing
plasmid (pCAG-GS-Cre) using FuGene HD and the re-
sultant subclone Rax-G-DA#60 was established.

Dissociation of the retinal tissue and in vitro culture
Primary retinal progenitor cells (P-RPC) from P1 Spra-
gue–Dawley (SD) rats were digested in the papain dis-
sociation system (Roche) as described previously [15].
The cells were then suspended in GMEM supplemented
with DNase I (0.05 mg/ml) and kept on ice prior to virus
conduction, RNA extraction or collected in TRIzol® for
microarray analyses.
For EGFP labeling, P-RPC were plated on a Matrigel

coated 10-cm dish and cultured in Neurobasal A® medium
(Gibco) supplemented with 2 % B27 (Gibco), 20 ng/ml
EGF (Peprotech, Rocky Hill, NJ, USA), 20 ng/ml bFGF
(Peprotech), 0.1 mM nonessential amino acids, 1 mM glu-
tamine (Gibco), 100 U/ml penicillin and 100 mg/ml
streptomycin. Lentivirus carried EF1α promoter driven
EGFP were prepared as described [15] and infected the
plated P-RPC. After 48 hours, P-RPC were digested by
TrypLE and resuspended in PBS supplemented with
DNase I for transplantation.

Animal experimentation
All animal experiments were conducted with the approval
and under the supervision of the Animal Care Committee
at the Shanghai Jiao Tong University School of Medicine.
Animals were cared for in accordance with the Association
of Research for Vision and Ophthalmology statement for
the use of Animals in Ophthalmic and Vision Research.
Twenty one-day-old, tan-hooded and pink-eye con-

genic RCS rats, breeding under a 12 hr light/dark cycle,
were used in this study. The left eyes (oculus sinister,
OS) were treated with cell (2 × 105 cells per eye in 2 μl
PBS) transplantation while the right eyes (oculus dexter,
OD) were injected with 2 μl PBS in the subretinal space
to serve as sham control. RCS rats without subretinal
injection were used as the disease control.
The rats were anesthetized and the subretinal transplant-

ation was performed as described previously [14]. Briefly,
under a stereo microscope, a 30-gauge needle was inserted
into the vitreous chamber 1 mm behind the corneoscleral
limbus, and vitreous fluid was drained off to reduce the in-
traocular pressure. Subsequently, a 33-gauge needle
(Hamilton, Reno, NV, USA) carrying cells or PBS was
inserted into the subretinal space, 1–2 mm temporal to the
optic nerve papilla and between the two major retinal blood

vessel branches. The eyes were examined at two, four and
six weeks, as well as two months after the transplantation
with various methods, such as electroretinographic (ERG)
analysis, immunofluorescence staining, and so on.

Electroretinographic analysis
Corneal ERG recordings from both eyes of rats were
obtained at two, four and six weeks after the transplant-
ation or sham injection, with an AVES system (Kanghua
Rui Ming Technology Co. Ltd., Chongqing, China) fol-
lowing the procedures described previously [56].

Microarray analysis
The microarray data are accessible at the GEO database
under accession number GSE67213. RNA samples from
three independent experiments were hybridized to a whole
rat gene expression microarray (Affymetrix GeneChip® Rat
Genome 230 2.0 Array) following the manufacturer’s in-
structions. For each sample, the background was removed,
and raw data were normalized by MAS 5.0 algorithm,
Gene Spring Software 11.0 (Agilent Technologies, Santa
Clara, CA, USA). A hierarchical clustering of samples was
performed using Cluster 3.0 software (Michael Eisen,
Stanford University). Heat maps were generated using Java
Treeview software. Gene ontology (GO) analyses were
performed using DAVID 6.7 [57].

Statistical analysis
All values were analyzed by Student’s t test or one-way
analysis of variance (ANOVA) to determine the signifi-
cance of the differences. P < 0.05 was considered statisti-
cally significant.

Results
In vitro differentiation of rESCs into RPCs
In order to develop an efficient retinal lineage differen-
tiation protocol for rESCs, we tested some key factors
reported on mouse and human ESC differentiation to-
wards retinal lineage and their different combinations
[17, 58, 59], and established the current optimized
protocol (Fig. 1a). Briefly, we started with the SFEBq
(quickly-aggregated/Serum-Free Embryonic Body) [60]
culture by aggregating single rESCs in ultra-low-
attachment 96-well plates (5,000 cells/well) with a
serum-free differentiation medium (GMEM+ 20 %KSR)
containing a Wnt inhibitor (IWR-1e), which is known
to have a rostralizing effect [61], to counteract the cauda-
lizing activity of the high concentration of KnockOut™
Serum Replacement (KSR) during the early culture phase
[17]. Matrigel (growth-factor-reduced, GFR) was added to
the medium to make its final concentration 1 % on day 0.
The cells were maintained under this condition until day
8, when a neuroectoderm like sphere structure appeared
(Fig. 1b and Additional file 3: Movie S1). From day 8 to
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day 14, the differentiation medium was changed to
GMEM containing 10 % KSR and 10 % FBS. At day 10,
the aggregates were digested into single cells and passed
into poly-D-lysine (PDL) and Matrigel coated plates for
adherent culture. The culture medium was changed to N2
and DMEM/F12 containing 10 % FBS at day 14 and cells
were harvested at day 16 (termed as rESC-RPC1). The
tested donor cells were also prepared by an alternative
method: the suspension culture was maintained to day 14,
when aggregates were digested into single cells for adhe-
sive culture and harvested on day 16 (termed as rESC-
RPC2). For rESC-RPC2, cells were cultured in a GMEM
differentiation medium containing 10 % KSR and 10 %
FBS from day 8 to day 16 (Fig. 1a).
Since the neuroectoderm-like sphere structure is consid-

ered a critical stage for SFEBq self-organizing differentiation
[17], we examined the aggregates for the neuroectoderm-
like sphere structure by whole mount immunostaining at
day 8. The cells in the neuroectoderm-like structure
expressed neural progenitor cell (NPC) marker Sox2 and
anterior neural marker Otx2 (Fig. 1c), suggesting that these
rESCs had been differentiated into NPCs. In order to better
monitor the process of rESC differentiation into retinal lin-
eages, we generated a rESC line (Rax::EGFP rESC) carrying
a EGFP reporter inserted homologously into one allele of
the genomic locus of Rax, a marker for the retinal progeni-
tors, using the TALEN technique (see Methods and Add-
itional file 2: Figure S1). The Rax::EGFP rESCs were
induced to retinal lineage differentiation by the same SFEBq
method as used for rESC-RPC2 generation. Rax-driven ex-
pression of EGFP could be detected in some cells in the
neuroectoderm-like structure at day 8, indicating the retinal
lineage differentiation (Fig. 1d). Cryosection immunofluor-
escence examination revealed that cells in the Rax::EGFP
rESC-derived neuroectoderm-like structure expressed NPC
markers, including Pax6, N-Cadherin and Nestin (Fig. 1e).
Furthermore, it appeared that E-Cadherin positive cells
were negative for Rax::EGFP but N-Cadherin positive cells
and Nestin positive cells were partially colocalized with
Rax::EGFP cells. Although Pax6-positive and Rax::EGFP-
positive cells were partially overlapped, all Rax::EGFP cells
expressed Rax. These findings verified that Rax::EGFP
authentically represented the endogenous expression of
Rax in rESC-derived cells. In addition, we examined the ex-
pression pattern of pluripotency-associated markers and
neural or retinal lineage markers during the differentiation
process by RT-PCR assays (Fig. 1f and Additional file 4: Fig-
ure S2a). The results showed that pluripotency markers
Oct4 and Nanog were down regulated upon differentiation
while the eye field transcription factors (EFTFs), such as
Pax6, Rax, Six3, Six6, and Lhx2 were up regulated, suggest-
ing the retinal lineage differentiation. Consistent with the
immunofluorescence staining result, the transcript of Rax
was detected at day 8 and afterwards. The neuronal marker

Tuj1 began to express in the early days and became upreg-
ulated in the late stage of differentiation, while the glia
marker GFAP could only be detected late during differenti-
ation. For an unknown reason, Tuj1 expression at D5 was
relative weak in both rESC-RPCs. Generally, both rESC-
RPCs showed similar differentiation patterns although ret-
inal lineage gene expressions were a little weaker in rESC-
RPC1 than rESC-RPC2 (Fig. 1f and Additional file 4: Figure
S2a). Moreover, expression of the photoreceptor precursor
marker Recoverin was also found in rESC-RPC2 rather than
rESC-RPC1 by the end of differentiation (Fig. 1f). Expres-
sion patterns of these markers suggest that rESC-derived
cells were comprised primarily of RPCs with some NPCs
and photoreceptors.

Characterization of rESC-derived RPCs
To learn more about the rESC-RPCs harvested on day 16
of the differentiation at a molecular level, we compared
the expression pattern of various markers between undif-
ferentiated rESCs and rESC-RPCs (both rESC-RPC1 and
rESC-RPC2). The P-RPCs prepared from postnatal day 1
(P1) Sprague–Dawley (SD) rats were used as the control.
Differentiated rESCs at day 10 were also included (Fig. 2a).
The RT-qPCR results showed that pluripotency-associated
genes (Nanog and Oct4) were almost not detectable in
both rESC-RPCs and P-RPCs, whereas the expressions of
NPC markers (Sox2, Nestin, and Ascl1), anterior neuroepi-
thelium progenitor marker Otx2, as well as neuronal
marker Tuj1 were higher in rESC-RPCs and P-RPCs than
in rESCs. Moreover, EFTFs, including Rax, Pax6, Lhx2,
Six3, and Six6 [62], were induced to express in rESC-
derived cells, even though at lower levels when compared
with P-RPCs. Furthermore, the expression of the neural
retina progenitor marker Vsx2 (Chx10), specific bipolar
cell marker PKCα and rod photoreceptor precursor
marker Nrl were also detected in the rESC-RPCs. The dif-
ference between rESC-RPC1 and rESC-RPC2 is that
rESC-RPC1 expressed a higher level of GFAP, whereas
rESC-RPC2 had a higher level of Tuj1.
To further characterize rESC-RPCs, we examined their

protein expression of neural lineage and retinal progeni-
tor markers with immunofluorescence staining (Fig. 2b).
Extensive staining of Sox2 and Nestin was readily detected
in both rESC-RPC1 and rESC-RPC2. Retinal progenitor
markers Pax6, Otx2, and Rax were all expressed in these
two cell populations, but the staining for Otx2 is much
stronger in rESC-RPC1 than that in rESC-RPC2 while the
staining for Pax6 and Rax were similar in both. Consistent
with the RT-qPCR results, there were more GFAP-
expressing cells in rESC-RPC1 than in rESC-RPC2, while
rESC-RPC2 had a higher fraction of cells expressing Tuj1
and Map2 than rESC-RPC1, confirming that rESC-RPC2
contained more neurons while rESC-RPC1 had more glia
cells. Double staining of GFAP and Nestin revealed that a
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Fig. 2 (See legend on next page.)
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considerable part of the GFAP positive cells in rESC-
RPC1 were Nestin-positive radial glia neural progenitor
cells. In particular, rESC-RPC2 contained more cells ex-
pressing rod photoreceptor marker Rhodopsin/Rho than
rESC-RPC1. Furthermore, similar proliferation capacity
was verified by positive staining for antibodies against
pH3 and PCNA as well as incorporation of BrdU into
both groups of rESC-RPCs.
Finally, as shown in Fig. 2c, we analyzed the cellular

component of rESC-RPCs with flow cytometry (FCM).
The majority of rESC-RPCs were both Sox2-positive and
Nestin-positive, indicating they were differentiating to-
wards retinal neurons rather than RPE. About one third of
rESC-RPCs were reactive to the antibody of CD133, which
stains neuroblastic embryonic retina and in the developing
photoreceptor cell layer during postnatal development
[63]. Furthermore, some rESC-RPCs were reactive to
CD73 antibody, and a higher fraction of rESC-RPC2
(about 40 %) was reactive to the antibody to CD24 than
that of rESC-RPC1 (about 20 %). CD24 has been reported
ubiquitously expressing throughout the developing embry-
onic and postnatal neural retina during retinal develop-
ment [63]. These two markers, CD73 and CD24, have
been used for sorting photoreceptors for transplantation
[63]. The low level of CD73 expression might indicate the
prenatal stage of rESC-RPCs as compared with the in vivo
developmental stage [63]. A similar percentage (about
50 %) of Ki67 positive proliferating cells was found in the
two rESC-RPCs. Consistent with the immunofluorescence
staining result (Fig. 2b), we observed more GFAP positive
cells in rESC-RPC1 (50 %) than in rESC-RPC2 (26.5 %)
(Fig. 2c). Based on these data, we concluded that rESC-
RPCs achieved substantial retinal lineage differentiation by
day 16, and such rESC-RPCs contain committed retina
lineage cells and some NPCs.

Whole genome gene expression analysis of rESC-RPCs
To further define rESC-RPCs at a global scale, we per-
formed genome-wide transcript profiling for rESC-RPCs
and P-RPCs with three biological replicates for each cell
type. In total, 3,343 genes were differently expressed be-
tween rESC-RPC1 and P-RPC, 3,758 genes between rESC-
RPC2 and P-RPC, and 2,045 genes between rESC-RPC2
and rESC-RPC1 at the level of two-fold and more (P < 0.05)
(Table 1). We analyzed high expression genes of different

groups according to the heat map (Fig. 3a). Gene ontology
(GO) analysis showed that the highly expressed genes in
P-RPCs primarily encoded molecules associated with cell
cycle and mitosis (Fig. 3b). The genes highly expressed in
rESC-RPC1 mainly encoded molecules associated with cell
adhesion, blood vessel and vasculature development
(Fig. 3c), while the genes upregulated in rESC-RPC2 pre-
dominantly associated with neuron differentiation, neuron
development and axonogenesis (Fig. 3d) [57]. Analysis of
the expression of genes in specific regions (Fig. 3e) showed
that rESC-RPC1 and rESC-RPC2 had a similar expression
pattern as RPC specific genes but almost no expression of
non-retinal specific genes (non-retinal CNS genes, hepatic
genes, cardiac genes, renal genes and pineal gland genes,
Additional file 5: Table S2) [64], indicating the retinal
lineage differentiation of RPC1 and RPC2. These results
confirmed that these three kinds of cells had distinct fea-
tures of the transcriptional signature of RPCs. What
accorded with the results of marker gene expression was
that rESC-RPC2 might have functions closely associated
with differentiated neurons. It is also clear that rESC-RPCs
and P-RPC share many characteristics and functions, even
though they are different from each other in terms of whole
genome gene expression.

The rESC-RPCs preserve the visual function in rats with
retinal degeneration
To evaluate the therapeutic potential of rESC-RPCs, the
cells were injected into the subretinal space of RCS rats.
RCS rats received unilateral injection of the cells at P21
and the contralateral eyes were injected with vehicle as
control for each animal. Meanwhile, transplantation of
P-RPCs was performed in a group of RCS rats as posi-
tive control, since such cells had been proven to protect

Table 1 Numbers of changed genes among rESC-RPCs and
P-RPCs

Comparison Numbers of
changed genes

Up-regulated Down-regulated

RPC1 vs P-RPC 3343 1698 1645

RPC2 vs P-RPC 3758 1772 1986

RPC2 vs RPC1 2045 994 1101

rESC-RPCs rat embryonic stem cells-retinal precursor cells, P-RPCs primary ret-
inal progenitor cells
P < 0.05, fold change ≥ 2

(See figure on previous page.)
Fig. 2 Characterization of rESC-RPCs at D16. a Comparisons of various marker expressions among rESCs, rESC-RPCs and other controls, including
samples of differentiating rESCs at day 10 and P-RPCs. The relative mRNA levels of marker genes were determined by RT-qPCRs. Error bars represent
the mean ± SD, n = 3. b Representative confocal immunofluorescence images of rESC-RPCs for NPC markers (Sox2, Nestin/Nes), anterior neural marker
(Otx2), proliferation markers (pH3, PCNA and BrdU), retinal progenitor markers (Rax and Pax6), neuronal marker (Tuj1) and astrocyte and radial glia cell
marker (GFAP). Scale bar: 50 μm. c Representative FCM profiles of rESC-RPCs for subpopulations expressing Sox2, Nestin, CD133, GFAP, Ki67, CD73 and
CD24. Corresponding IgG was applied as the negative isotype control. rESC rat embryonic stem cell, RPCs retinal progenitor cells, RT-qPCR reverse
transcription-quantitative polymerase chain reaction, NPC neural progenitor cell
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Fig. 3 Microarray analysis of gene expression of rESC-RPC1, rESC-RPC2 and P-RPCs. a Heat map analysis of differentially expressed genes among
rESC-RPC1, rESC-RPC2 and P-RPC. b GO analysis of highly expressed genes in P-PRC. Bar graph showing significance of enrichment terms for sets
of genes in the blue box in a. c GO analysis of highly expressed genes in rESC-RPC1. Bar graph showing significance of enrichment terms for
sets of genes in the yellow box in a. d GO analysis of highly expressed genes in rESC-RPC2. Bar graph showing significance of enrichment
terms for sets of genes in the magenta box in a. e Heat map analysis of various genes expressed by RPC, retinal neurons and non-retinal tis-
sues as listed in Additional file 5: Table S2. Log2 expression levels of the genes are shown in a blue-black-yellow gradient. rESC-RPCs rat em-
bryonic stem cell-derived retinal progenitor cells, P-RPCs primary retinal progenitor cells, GO gene ontology
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the retina in mouse with retinal degeneration [14, 15].
RCS rats without any treatment were used as the disease
control. Scotopic electroretinogram (ERG) examination
was conducted at two weeks (P35), four weeks (P49) and
six weeks (P56) after the transplantation to evaluate the
functional responses of photoreceptors and related retinal
cells upon light stimulus. The ERG b-wave amplitude was
used as the major parameter to evaluate rat visual func-
tion. The results showed that rESC-RPC2 significantly
protected the visual function from degeneration at the
early stage of treatment (Fig. 4a), while rESC-RPC1 only
improved the function at four weeks, when compared
with the vehicle control. On the other hand, in the posi-
tive control group, the transplantation of P-RPCs signifi-
cantly improved the visual function only at two weeks and
then lost the effect quickly. Typical ERG examination was
also performed four weeks after the transplantations
(Fig. 4b) and the b-wave responses in rESC-RPC2 treated
rats were found to increase with the increase of light in-
tensities (Fig. 4c). Thus, rESC-RPCs, especially rESC-
RPC2, have potential as a candidate cell source for the
treatment of retinal degeneration. However, almost no
therapeutic effect was maintained beyond six weeks after
the transplantation, even for the rESC-RPC2.

Transplanted rESC-RPCs survive and migrate into the
retina
In order to trace the grafted cells, we labeled rESCs
with EGFP by EF1α::EGFP lentiviral transduction
(EGFP-rESCs) and differentiated them into RPCs fol-
lowing the same protocol described earlier in the
study (Fig. 5a). As EGFP was constitutively expressed
in cells at any stage, EGFP-rESC-RPCs could be de-
tected before and after the transplantation (Fig. 5b
and Additional file 4: Figure S2b-c). Immunofluores-
cence staining of EGFP-rESC-RPC2 displayed the co-
expression of EGFP and Nestin or EGFP and Tuj1
(Fig. 5b). FCM analysis showed that about 90 % of
rESC-RPC2 expressed EGFP before injection (Fig. 5c).
To investigate whether the transplanted EGFP-rESC-
RPCs could survive within the host retinal circum-
stance and even migrate into the inner retinal part, we
performed immunofluorescence analysis at three time
points, four weeks, six weeks and two months, after the
transplantation (Fig. 5d). EGFP labeled donor cells could
be detected at all the time points in the subretinal space,
the ONL and the inner layers of the host retina, indicating
the survival and migration of grafted cells in the retinas of
RCS rats.

Fig. 4 Visual function evaluation of the RCS rats after the transplantation of rESC-RPCs and P-RPCs. a ERG b-wave of the RCS rats at different time
points after different treatments. Error bars represent the mean ± SEM, ANOVA, **P < 0.01 (rESC-RPC2 vs rESC-RPC1), n = 7 for two weeks and four
weeks, n = 6 for six weeks. b Typical ERG waves of the RCS rats at four-week time point after the transplantation. c ERG b-wave of the RCS rats
four weeks after rESC-RPCs and P-RPC transplantation at different light intensity stimuli. Error bars represent the mean ± SEM, n = 7 for each group.
RCS Royal College of Surgeons, rESC-RPCs rat embryonic stem cell-derived retinal progenitor cells, P-RPCs primary retinal progenitor cells, ERG electro-
retinogram, W/O without treatment
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Fig. 5 Subretinal transplantation of EGFP labeled rESC-RPCs in the RCS model. a Generation of rESC-RPC2 from EF1α::EGFP lentivirus labeled rESCs.
Scale bars: 50 μm. b Immunofluorescence staining of EGFP-rESC-RPC2 at D16 before transplantation. Antibody against EGFP (green) and antibodies
against Nestin/Nes and Tuj1 (red) were used. DAPI (blue) was used to highlight the nuclei. Scale bars: 50 μm. c Flow cytometric analysis of EGFP-rESC-
RPC2 in comparison with unlabeled rESC-RPC2. d Grafted rESC-RPC2 could be detected in the retina at different times after transplantation. GCL
ganglion cell layer, INL inner nuclear layer, ONL outer nuclear layer. Scale bar: 50 μm. EGFP enhanced green fluorescent protein, rESC rat embryonic
stem cell, RPC retinal progenitor cell, RCS Royal College of Surgeons, DAPI 4′,6-diamidino-2-phenylindole
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EGFP-rESC-RPCs differentiate and integrate with host
retinal cells and preserve the retinal structure
We next investigated if the transplanted EGFP-rESC-
RPC2s could further differentiate into retinal cell types
in the host retina. Fluorescence staining of samples from
the four-week time point after the transplantation re-
vealed that EGFP was co-stained with the photoreceptor
precursor marker Recoverin (Fig. 6a) and the rod photo-
receptor marker Rhodopsin (Fig. 6b), supporting the
possibility that some EGFP-rESC-RPC2 could differenti-
ate into photoreceptors after grafting into degenerative
retinas. Such integration was also observed at two weeks
and six weeks after the transplantation (Additional file 4:
Figure S2d-g). However, we did not observe the co-
expression of Müller cell markers (GS and Cralbp)
(Fig. 6c and d) with EGFP. To further confirm the inte-
gration of transplanted EGFP-rESC-RPC2 within the
host retina, immunofluorescence staining using antibodies
against presynaptic markers (Bassoon and Synaptophysin)
was conducted. We observed pronounced co-localization
of the synaptic markers and the EGFP labeled donor cells
(Fig. 6e-f and Additional file 4: Figure S2d-g) at the outer
plexiform layer (OPL). These results made it clear that
grafted cells formed new synapses with the host retina
cells, providing the cellular basis for rESC-RPCs to func-
tionally recover recipient retinas.
Finally, we examined whether the retinal structure

could be preserved by the transplanted cells. The thick-
ness of ONL was measured to reflect the general struc-
ture of the outer layer of the retina in this study. As
showed in Fig. 6g and Additional file 4: Figure S2h,
EGFP-rESC-RPC2 transplantation significantly preserved
retinal structure and maintained the ONL thickness at
60 μm, while the ONL thickness reduced to 20 μm in

Fig. 6 Differentiated EGFP-rESC-RPC2 integrate with host retina and
preserve the retinal structure 4w after transplantation. a-d Differentiation
of rESC-RPC2 into various retinal cells. Antibody against EGFP
(green) and antibodies against retinal cell markers (red) were used
for immunofluorescence staining. DAPI (blue) was used to highlight
the nuclei. GCL ganglion cell layer, INL inner nuclear layer, ONL
outer nuclear layer. Scale bars: 50 μm. e and f Integration of EGFP-
rESC-RPC2 with retinal neurons. Colocalization of presynaptic
markers Bassoon and Synaptophysin with EGFP expressed by
donor cells in OPL was confirmed with immunostaining. GCL
ganglion cell layer, INL inner nuclear layer, ONL outer nuclear layer.
Scale bars: 50 μm. e' and f'. The magnified images of the rectangles in
e and f. Arrow heads indicate the colocalization of EGFP and Bassoon
or Synaptophysin. GCL ganglion cell layer, INL inner nuclear layer, OPL
outer plexiform layer, ONL outer nuclear layer. g Preservation of the
retinal structure by EGFP-rESC-RPC2 transplantation. The thickness of
ONL of rESC-RPC2 treated eye was compared with that of vehicle (PBS)
injected retina. Data are shown as mean ± SEM, t test, *P < 0.05 and
**P < 0.01, n = 6 (rats) for each group. EGFP enhanced green fluorescent
protein, rESC rat embryonic stem cell, RPC retinal progenitor cell,
DAPI 4′,6-diamidino-2-phenylindole
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untreated RCS rats, when examined at four weeks after
the transplantation. It strongly supported the observa-
tion that rESC-RPC2 evidently improved the visual func-
tion of RCS rats at that time point. This trend lasted up
to two months after the transplantation (Fig. 6g). Our
data also indicated that rESC-RPC1 treatment and P-
RPC treatment also provided protection to the retinas of
RCS rats, but rESC-RPC2 provided stronger and longer
protection to such retinal degeneration (Figs. 4a and c,
6g and Additional file 4: Figure S2h).

Discussion
The laboratory rat (Rattus norvegicus) was the first
mammalian species used for scientific study [65], and
has been serving as one of the most widely used model
animals for studying various human diseases, such as
cell transplantation [45, 66], diabetic retinopathy [47],
hypertension [46] and nerve regeneration [67, 68], as it
is more relevant to humans than mice [33]. In addition,
rat models are also employed as routine preclinical
models for drug development [69, 70], gene therapy [71]
and cell therapy [54]. Recently, rats have been demon-
strated to share many common loci with humans, indi-
cating the presence of shared pathways in rats and
humans [72]. However, investigation of genetic manipu-
lation in rat is extremely lagging behind mouse, as
shown by the fact that the generation of rat ESCs fell
almost three decades behind mouse [34, 36, 37]. Here,
using an established rat ESC cell line [38], we developed
a RPC differentiation method and demonstrated that
rESC-derived RPCs could rescue the degenerated retina
in RCS rats. This finding not only paves the way for
using rat ESCs to study mammalian development and
regenerative medicine but also for pharmacological test-
ing and drug screening in culture dishes.
Previous studies proved that epiblast cells in rat had the

ability to generate hypoblast in contrast to those in mouse
[43], implying the intrinsically different capacity between
mouse ESC and rat ESC. Researchers found that it was
difficult for rESC to form embryoid body (EB), a critical
stage for in vitro differentiation, and most of the cells died
in the initial stage of EB formation [37–40]. They sug-
gested that EB formation of rESCs needed a specific envir-
onment which could be achieved by combining the
conditional medium collected from MEF cultures with 2i,
PD0325901 and CHIR99021, and the Rho-associated kin-
ase inhibitor Y27632, to efficiently support the formation
and survival of EBs. Following these methods, some stud-
ies generated tripotent neural progenitor cells from rESCs
[40]. In this study, we modified Sasai’s method which
combined SFEBq with Matrigel culture [17] to directly dif-
ferentiate rESCs to RPCs instead of using conditional
medium and 2i, even without Y27632. Under this culture
condition, the rESCs could differentiate into uniform

neuroectodermal spheres efficiently in an ultra-low-
attachment U96-plate system, similar to the hanging-drop
method [38]. The rESCs could hardly form a neuroecto-
dermal sphere in a low KSR concentration medium
(1.5 % ~ 2 %) as used for mouse retinal differentiation
(data not show), but could proceed with retinal differenti-
ation under the hESC differentiation condition (20 % KSR
and Wnt inhibitor). Following our modified methods, we
obtained RPCs derived from rESCs and these rESC-RPCs
highly expressed key eye field transcription factors
(EFTFs) like Lhx2, Pax6, Six3 and Six6, and RPC markers
(Rax, Otx2 and Vsx2) (Figs. 1f and 2), similar to mouse
ESC derived RPC [15] and human ESC derived RPC [73].
The genome-wide gene expression assay also showed
that the two kinds of rESC-RPCs and the primary RPCs
(P-RPCs) highly expressed RPC related genes (Fig. 3e),
but their expressions of non-retinal genes (non-retinal
CNS genes, hepatic genes, cardiac genes, renal genes
and pineal gland genes) were all very low (Fig. 3e). On
the other hand, the term RPCs is used for all the cells
in the development of the retina between retinal stem
cells and all types of retinal cells, including retinal neu-
rons, Müller glia cells as well as RPE cells, and are re-
ported to contain a pool of multipotent cells dependent
on different developmental stages and position in vivo
[74–77]. So, RPCs contain different retinal lineage
markers at different development stages. In addition,
we also detected the expression of the rod photorecep-
tor marker Rhodopsin in these rESC-RPCs. These data
demonstrate clearly that rESC can be directed into a
retinal fate and generate RPCs. This provides a new
system to study and treat degenerative retinal diseases.
In this study, we also employed two different methods

to differentiate rESCs into retinal lineage cells. Both
methods share the neuroectodermal induction process
but, thereafter, one group of cells was switched to cul-
ture on Matrigel-coated plates at D10 (rESC-RPC1),
while the other cells remained in suspension culture
until D14 (rESC-RPC2). The rESC-RPC1 tends to ex-
press the glia cell marker GFAP while rESC-RPC2 tends
to express the neuronal marker Tuj1 and Map2 (Fig. 2).
That is to say, early and longer adherent culture of NPC
promotes glia cell differentiation under the serum condi-
tion while longer suspension culture gives rise to neur-
onal differentiation. A recent study also mentioned a
similar concept that murine RPC cultured under a high
concentration of FBS (10 % ~ 20 %) increased GFAP
positive cells and decreased neurons [78]. In the trans-
plantation study, we further confirmed that the rESC-
RPC2 was more suitable than rESC-RPC1 for treating
retinal degeneration, because engraftment of rESC-RPC2
significantly preserved vision better than rESC-RPC1
(Fig. 4). These results imply that neuronal lineage cells
instead of glia cells are favorable for visual function
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preservation in the early stage of the degeneration in
RCS rat. We speculated that the mechanism might be
that the engrafted rESC-RPC2 integrated into the host
retina, as observed at two, four and six weeks or even at
two months after the transplantation, and established
communication directly with recipient retinal neurons
(Fig. 6e-f and Additional file 4: Figure S2d-g) by replace-
ment of degenerated photoreceptors. This was also con-
firmed by the observation of the presynaptic markers
(Bassoon and Snaptophysin) colocalization between the
donor cells and the host retina, similar to what is ob-
served in mouse and human ESC-derived cells [22, 79].
The RCS rat, an animal model of retinal degeneration,

carries a Mertk gene mutation. Loss of this gene leads to
the failure of RPE cells in RCS rat to phagocyte shed outer
segment of photoreceptors, which is a critical function of
normal RPE cells. The accumulation of outer segment
debris causes the degeneration and death of photorecep-
tors, which are directly related to the loss of vision. So, the
RCS rat is considered a good model to test the therapeutic
effects of donor cells for rescuing photoreceptors and RPE
cells. In a relatively earlier stage of retinal degeneration,
RPE cells degenerated and photoreceptors were degener-
ating, and, therefore, transplantation of RPE cells might be
a proper therapy. They could replace the dysfunctional
RPE cells then improve the environment for photorecep-
tors to function well. However, at a relatively later stage
when photoreceptors were dead, since photoreceptors as
terminally differentiated neurons could not regenerate
and proliferate, vision could only be improved when the
dead photoreceptors are replaced by the transplanted pho-
toreceptors or the transplanted cells derived photorecep-
tors, but not RPE cells. In such cases, the cells that can
differentiate into both photoreceptors and RPE cells are
ideal donor cells. Based on such expectations, rESC-RPCs
were used in this study, which expressed key EFTFs and
might be able to generate both photoreceptors and RPE
cells after transplantation. The transplanted cells, espe-
cially the rESC-RPC2, improved the rat vision for several
weeks. However, six weeks after the transplantation, when
the RCS rats were nine weeks after birth and their retinal
degeneration was more severe, the engrafted cells failed to
rescue the recipient retina (Fig. 4a) and the protective ef-
fect of rESC-RPC2 declined [80]. Considering our obser-
vations that rESC-RPC2 differentiated into functional
neurons but not RPE cells after transplantation, we believe
that the transplanted cells rescued rat vision by differenti-
ating into photoreceptors in the early stage but failed to
maintain their effects because the RPE’s function was not
rescued. As we didn't correct the gene mutation in the
RPE cells, outer segment debris accumulation and other
related changes remained, so that transplanted cells-
derived healthier photoreceptors and the vision could not
last long.

It is worth mentioning that the visual function of the
RCS rats was evaluated by ERG, a commonly used object-
ive evaluation for visual function in experimental animals
[81–83], and for evaluation of the therapeutic effect of
various cell transplantation experiments in various ani-
mals with retinal degenerative [9, 15, 56, 84, 85]. It is
based on the principle that activities of retinal neurons
could be detected around the eye. The major parameter of
the examination, the b-wave, was significantly improved
after the rats were treated with rESC-RPCs, reflecting the
improved visual function. In fact, the b-wave is not a
direct reflection of photoreceptors but its amplitude cor-
relates directly with the activity of bipolar cells [86]. How-
ever, bipolar cells are post-synaptic to [87], and activated
by, the photoreceptors. In the ERG examination, light is
the only stimulation and the photoreceptors are the only
cells of our body which respond to light stimulation. So,
an activated bipolar response indicates the existence of
functional photoreceptors connecting to the bipolar cells.
Degenerated photoreceptors, such as those in the RCS rat,
activated fewer bipolar cells and yielded lower b-wave
amplitudes, and the b-waves extinguished with progres-
sion of the degeneration, even though the bipolar cells
remained in the inner nuclear layer [88]. On the other
hand, the b-wave should be improved if the donor cells
could preserve or improve the function of photoreceptors.
Preservation of retinal structure is another major con-

sideration for evaluating a cell therapy, especially in RCS
rats, which suffer from degeneration in the retina and ex-
perience rapid decrease of the ONL layer [89, 90]. There-
fore, measurement of the ONL thickness has been widely
used for assessment of the intervention effects, regardless
of the drug treatment, cell transplantation or gene ther-
apy, in the RCS rat retina [45, 91–95]. RPE cells, including
RPE cell lines [45, 96] and human ESCs-derived RPE cells
[9, 54], have been well proven to be protective for retina
in the RCS rats. Some other neural lineage cells, such as
cortical neural progenitor cells [84, 97], central nervous
system stem cells [98, 99] and RPCs [80], were also re-
ported to be protective to retina in this model. Several
mechanisms may be involved in such stem cell interven-
tion. For example, some transplanted cells might protect
the retina by releasing trophic factors [80, 84], while
others, such as hNPCCTX, could form an extra RPE-like
layer [97] which reduced the debris of photoreceptor
outer segments even though it did not express RPE
marker. As shown in Fig. 5d, a similar cell layer formed by
EGFP expressed cells was observed in this study. Replace-
ment of the degenerated cells by donor cells should be an
ideal mechanism because the retinal structure would be
repaired as well. It was reported to be true in the case of
the transplantation of human neural stem cells into RCS
rats, which phagocytosed the photoreceptor outer seg-
ment as RPE cells did in normal rats [99]. However, other
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studies reported that transplanted human RPCs failed to
express retinal markers and expressed the progenitor cell
marker Nestin even though the donor cells distributed in
multiple neural retinal layers [80]. In this study, we ob-
served that the grafted rESC-RPC2 colabelled with photo-
receptor markers including Rodopsin and Recoverin
(Fig. 6a-b and Additional file 4: Figure S2b-c), indicating
further differentiation and integration of the transplanted
cells. It might be true that most of the transplanted neural
cells could not integrate into the host retina or differenti-
ate into retinal cells [14, 80, 84], but a relatively small
number of transplanted progenitor/retinal cells could be
sufficient to rescue visual function [8]. As for the retinal
structure reconstruction, we observed that the thickness
of the ONL was also well maintained in the rESC-RPC2
transplanted group, even a small fraction of donor cells
were detected there (Fig. 6g and Additional file 4: Figure
S2h). As for the stronger protective effects of rESC-RPC2
than rESC-RPC1 and P-RPC, our understanding is that
rESC-RPC2 contains more differentiated retinal neurons
including some photoreceptors than rESC-RPC1 and P-
RPC, so that more degenerated retinal cells were replaced.
From the point of view of development, rESC-RPC2 may
also represent an earlier stage than P-RPC in the develop-
ment of RPCs towards retinal neurons and, thus, they had
better potential for differentiating into retinal neurons and
photoreceptors for the replacement. The different animal
models and the donor cells from different species might
be another reason causing the difference. A good inter-
vention of P-RPCs in previous studies was obtained from
sodium iodate-induced retinal degeneration in mice [15],
and the situation in rats here could be different.
Up to two months after rESC-RPC2 transplantation,

no obvious abnormal cell proliferation was observed.

Conclusions
This study provides a new and practical method for neural
and retinal differentiation of rat ESCs, which could be used
in a wide range of biomedical and translational research,
including pathogenesis, drug discovery, toxicology, gene
therapy technology, and regenerative medicine. Moreover,
this study proved that rESC-derived RPCs, especially the
retinal neuron-enriched rESC-RPC2 obtained through the
longer suspension culture method, could effectively protect
the retinal structure and function in RCS rats.

Additional files

Additional file 1: Table S1. PCR primer sequences. (DOC 53 kb)

Additional file 2: Figure S1. Construction of Rax::EGFP reporter rESCs.
a Knock-in strategy for the Rax::EGFP reporter construct. Red arrows, PCR
primers for genotyping; b Genotyping of Rax::EGFP knock-in. (primer pair:
Rax-FP/EGFP-RP); c Genotyping of Rax::EGFP knock-in. (primer pair: Rax-FP/
Rax-RP); d Sequencing of wild type allele. (PCR product from Rax-FP/Rax-RP);

e Sequencing of Rax::EGFP knock-in allele. (PCR product from Rax-FP/EGFP-RP).
(TIFF 4455 kb)

Additional file 3: Movie S1. Neuroectoderm-like structure formation
from an SFEBq-cultured rESC aggregate. (MOV 17401 kb)

Additional file 4: Figure S2. a A representative result of RT-PCR analyses
for marker expression during the differentiation process (rESC-RPC1); b and
c Whole retina immunostaining for photoreceptor marker Rhodopsin (red)
and grafted cell marker EGFP (green) 4w(B) and 6w(C) after subretinal
transplantation in RCS rats. Arrows indicate the colocalization of EGFP and
Rhodopsin; d-g Grafted EGFP-rESC-RPC2 integrate with the host retina 2w
and 6w after transplantation. Colocalization of presynaptic markers Bassoon
and Synaptophysin with EGFP expressed by donor cells in OPL was
confirmed with immunostaining. GCL ganglion cell layer, INL inner nuclear
layer, ONL outer nuclear layer. Scale bars: 50 μm; d'-g' The magnified images
of the rectangles in d-g. Arrow heads indicate the colocalization of EGFP
and Bassoon or Synaptophysin. GCL ganglion cell layer, INL inner nuclear
layer, OPL outer plexiform layer, ONL outer nuclear layer; h. The ONL thickness
of the retina from treated and untreated eyes. W/O: untreated retina. Data
are shown as mean ± SEM, ANOVA, *P < 0.05 and **P< 0.01, n = 6 for each
group. (TIFF 10574 kb)

Additional file 5: Table S2. List of log2 expression levels of tissue
specific genes by microarray analysis. (XLS 59 kb)
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